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Abstract All chloroplast genes reported so far possess ATG
start codons and sometimes GTGs as an exception. Sequence
alignments suggested that the chloroplast infA gene encoding
initiation factor 1 in the green alga Chlorella vulgaris has TTG
as a putative initiation codon. This gene was shown to be
transcribed by RT-PCR analysis. The infA mRNA was
translated accurately from the UUG codon in a tobacco
chloroplast in vitro translation system. Mutation of the UUG
codon to AUG increased translation efficiency approximately
300-fold. These results indicate that the UUG is functional for
accurate translation initiation of Chlorella infA mRNA but it is
an inefficient initiation codon.
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1. Introduction
The chloroplast has its own genome and genetic system.
Translation machineries in chloroplasts, e.g. 70S ribosomes,
tRNAs and basal translation factors, are known to be struc-
turally similar to those in prokaryotes, suggesting the trans-
lation mechanism in chloroplasts is similar to that in Esche-
richia coli [1]. On the other hand, spacing of Shine-Dalgarno
(SD)-like sequences, which is commonly found 7 þ 2 nt up-
stream from initiation codons in E. coli mRNAs, is less con-
served, ranging from 32 to 329 in chloroplast mRNAs, and
some chloroplast mRNAs lack the SD-like sequence in their
5P-untranslated regions (UTRs) [2,3]. In the green alga Chla-
mydomonas reinhardtii, site-directed mutation analysis of its
chloroplast SD-like sequences has yielded inconclusive results
for importance of this sequence on translational initiation
[4,5]. These observations suggest that there is a unique mech-
anism(s) to recognize correct translation initiation sites by
chloroplast ribosomes [3,6^8]. Initiation codons of almost all
chloroplast genes are ATG. Only three genes (rps19, psbC and
ycf15) possess GTG as an initiation codon among the 79
genes/ycfs in the tobacco chloroplast genome [3]. The ¢rst
codon of psbL and ndhD is ACG in the genome, while the
ACG codons are converted to AUG codons post-transcrip-
tionally by RNA editing in tobacco and several other plant
species [9^11]. In E. coli, translation initiation is directed by
an initiation codon [most commonly AUG (V90%), less fre-
quently GUG (V9%) or UUG (V1%) and in one case AUU]
[12]. Conversion of GUG or UUG initiation codons to AUG
drastically increases the translation e⁄ciency [13,14], indicat-
ing that GUG and UUG are ine⁄cient initiation codons.
Among soluble translation factors, only initiation factor 1
(IF1) is encoded in the chloroplast genome [15] and other
factors are thought to be encoded in the nuclear genome in
most land plants (see [1]). The IF1 gene (infA) is a constituent
of the ribosomal protein L23 (rpl23) operon and transcribed
as a polycistronic mRNA. The tobacco chloroplast genome is
an exception and contains an infA-like sequence but no ini-
tiation codon [16]. Sequencing of the entire chloroplast ge-
nome from the green alga Chlorella vulgaris revealed the ex-
istence of an ORF starting with UUG [17]. The encoded
protein is similar to the E. coli IF1 and the location of this
ORF is the same as infA in the rpl23 cluster of land plant
chloroplasts. However, UUG codons were not reported as the
initiation codon of all infA genes found in prokaryotes and
chloroplasts. This is the ¢rst case of UUG being a potential
initiation codon in chloroplast genes. Therefore, it is interest-
ing to see whether UUG functions as a start codon in chloro-
plasts or the Chlorella infA-like ORF is a pseudogene like the
tobacco infA-like segment [16]. Here we demonstrate that
Chlorella infA mRNA is translated accurately from the
UUG codon in vitro to produce a polypeptide of the expected
size, indicating that UUG is a functional initiation codon in
chloroplasts.
2. Materials and methods
Chlorella vulgaris C-27 cells were grown in M-4NA medium [18,19]
at 28‡C under the continuous light condition for 5 days with gentle
rotation (120 rpm). Reverse transcription (RT)-PCR was carried out
to detect infA transcripts. Total RNA from Chlorella cells were pre-
pared as described [20] and treated with DNase I. Its cDNA was
synthesized according to the instruction manual of the cDNA cycle
kit (Invitrogen) using random primers. An infA portion (342 bp, po-
sitions 3206^+117 with regard to UUG and an extra 19 bp from
primers) was ampli¢ed by PCR and detected by 1% agarose gel elec-
trophoresis using appropriate primers. The ampli¢ed product was
then puri¢ed by 1% agarose gel electrophoresis and sequenced using
the DNA cycle sequencing kit (Stratagene) as described [21]. For in
vitro translation, a fragment of the Chlorella infA gene (positions
3206^+117) (see Fig. 2A) was ampli¢ed by PCR and cloned into
pBluescriptII SK to construct an infA-lacZ fusion gene. Site-directed
mutagenesis to produce M-AUG was carried out according to the
instruction manual of Transformer Site Directed Mutagenesis kit Ver-
sion 2 (Clontech) using primer pairs and the construct UUG as a
template. Plasmid DNAs were linearized with BglII, extracted with
phenol/chloroform and precipitated with ethanol. mRNA templates
were synthesized from the plasmid DNA using T3 MEGASCRIPT
(Ambion). Preparation of tobacco chloroplast extracts and in vitro
translation reaction were carried out as described [22].
3. Results and discussion
3.1. Chlorella chloroplast infA-like ORF starts from UUG and
is transcribed
The amino acid sequence deduced from the infA homologue
in Chlorella chloroplasts has 56^66% identity with those from
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E. coli and land plant chloroplasts (Fig. 1A). A typical SD-
like sequence (GGAGG) is located 4 nt upstream from the
UUG codon of Chlorella infA homologue (Fig. 1B), strongly
suggesting that it uses UUG as the initiation codon. In order
to examine whether the infA homologue is transcribed, RT-
PCR analysis was carried out using the total RNA isolated
from Chlorella cells. A single band of the expected size
(342 bp) was clearly detected, indicating that this sequence
is actually transcribed in Chlorella (Fig. 1C).
In all lineages of land plants, RNA editing occurs in chlo-
roplasts [23] and C-to-U editing creates an initiation codon
AUG from ACG in several chloroplast gene transcripts
[9,10,24,25]. Although RNA editing has not been found so
far in any algal chloroplasts, we checked the possibility that
the UUG codon is converted to AUG post-transcriptionally
by RNA editing. Direct sequencing of the above RT-PCR
fragment indicated that no editing occurs in infA-like mRNAs
(data not shown), indicating that mRNAs with the UUG
codon are accumulated in Chlorella chloroplasts.
3.2. Chlorella chloroplast infA mRNA is translated from the
UUG initiation codon
In order to analyze the role of UUG in the Chlorella infA
mRNA, in vitro translation experiments were carried out us-
ing our chloroplast in vitro translation system prepared from
tobacco chloroplasts [22]. The potential infA coding region
(the ¢rst 39 codons) was extended by fusing a lacZ portion
(87 codons) so as to facilitate the detection of an in vitro
translation product (14.0 kDa if translation starts from
UUG) by SDS-polyacrylamide gel electrophoresis (UUG in
Fig. 2A). in vitro translation analysis revealed that the infA-
lacZ mRNA is translated to produce a polypeptide of the
expected size of 14 kDa (Fig. 2B). This result indicates that
the UUG codon acts as the initiation codon of infA mRNA
and hence the infA sequence is a genuine gene encoding IF1.
As mentioned above, infA genes in other organisms possess
AUG as the initiation codon. The Chlorella UUG codon was
substituted with AUG by site-directed mutagenesis (M-AUG
in Fig. 2A). In vitro translation of the mutant infA-lacZ
mRNA showed that translation takes place approximately
300-fold more e⁄ciently than that of the wild-type mRNA
with UUG (Fig. 2B, M-AUG). The level of translation
from the mutant infA mRNA is roughly similar to those
from several photosynthetic gene mRNAs of tobacco chloro-
plasts (e.g. psbA mRNA) which are e⁄ciently translated in
our in vitro translation system [22]. This seems to be due to
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Fig. 1. A: Comparison of the deduced amino acid sequences of IF1 proteins. The ¢rst amino acid in Chlorella and Synechocystis is indicated
as L derived from TTG codons. Dashes represent gaps introduced to maximize similality. The infA-like sequence in tobacco chloroplasts is a
pseudogene (no initiation codon) [16]. Dots and asterisks under the alignment represent residues with conserved characters and identical resi-
dues, respectively. B: Comparison of the nucleotide sequences adjacent to putative initiaition codons of infA. SD-like sequences are inderlined.
C: Detection of infA transcripts in Chlorella by RT-PCR (lane IF1). Lane M, size marker (VDNA digested with EcoT14I). Sequences were
from the DDBJ databases.
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the presence of a typical SD-like sequence (GGAGG) in the
appropriate position (38 to 34) in its 5P-UTR (Fig. 1B).
Typical SD-like sequences are found in the 5P-UTR of infA
mRNAs in other plant species which possess AUG initiation
codons (Fig. 1B), suggesting that infA mRNAs from other
plant species are expected to be e⁄ciently translated. The bio-
logical signi¢cance of the UUG initiation codon of infA gene
in Chlorella chloroplasts is still unclear.
As the Chlorella infA mRNA is extremely low in transla-
tional initiation in tobacco chloroplast extracts, its e⁄cient
translation may be regulated by a protein factor(s) speci¢c
for Chlorella chloroplasts. The E. coli mRNA for RNase D
possesses an UUG initiation codon and its translation is en-
hanced by interaction of ribosomal protein S1 to the upstream
U-rich stretch [26]. In cyanobacteria, the infA homologue is
present in the gene cluster corresponding to the chloroplast
rpl23 operon in Synechocystis PCC6803 [27] but not in Syn-
echococcus PCC6301 [28]. The putative initiation codon of the
Synechocystis infA homologue was assigned to be ATG at the
11th position with respect to Chlorella positions [27]. The
alignment shown in Fig. 1A discloses the existence of an in-
frame TTG eight codons upstream from this ATG. Based on
the alignment together with our present result, this TTG is
most likely to be the initiation codon for the Synechocystis
infA gene. If this is the case, a factor(s) may be necessary to
enhance its translation. A database search of possible initia-
tion codons of infA homologues revealed one TTG (Lactococ-
cus lactis) and three GTG (Treponema pallidum, Haemophilus
in£uenzae and Streptomyces coelicolor) among 14 eubacterial
species.
The infA gene in the green alga Chlorella may be an inter-
mediate in the evolutionary process between functional genes
and pseudogenes. The infA gene has been lost from chloro-
plast genomes in another green alga Chlamydomonas, and
other algae Odontella, Porphyra, Cyanophora, Cyanidosyzon
and Euglena, and the corresponding gene is thought to be
translocated to the nuclear genome in these species [1]. It
cannot therefore be excluded that an additional copy of the
infA gene is present in the nuclear genome and IF1 is trans-
ported into chloroplasts in Chlorella. When corresponding
genes are present both in nuclear and organelle genomes,
those in organelle genomes tend to be silenced at the step of
mRNA accumulation by an unknown mechanism [29]. In the
case of Chlorella, infA in the rpl23 operon was believed to be
transcribed as a polycistronic mRNA and its mRNA was
demonstrated to be accumulated. Therefore, the silencing of
the organelle gene, if it is necessary, should be carried out at
the post-transcriptional level. Replacement of the initiation
codon from AUG to UUG may be a novel gene silencing
mechanism.
In order to understand the biological signi¢cance of the
UUG codon of infA gene, in vivo analysis using chloroplast
transformation technology to Chlorella cells and searching for
the counterpart in the nuclear genome will be necessary.
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were loaded with indicated dilution.
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